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Abstract 
The non-linear velocity-dependent rolling friction coefficient between a rigid ball and soft surface was determined by 
instrumenting the ball with a triaxial gyroscope and converting the spin rate to translational velocity. The latter was 
differentiated numerically and the resulting translational acceleration was normalised to the gravitational acceleration 
in order to obtain the rolling friction coefficient. The rolling friction coefficient between a rigid sphere and a foam 
surface increased with velocity and consisted of three components: a sharp increase in friction coefficient at slow 
velocities, starting at the static rolling friction coefficient; a constant coefficient at medium velocities; and a 
coefficient increasing with velocity squared at higher velocities.  
© 2013 Published by Elsevier Ltd. Selection and peer-review under responsibility of RMIT University 
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1. Introduction 
The rolling friction of a sport ball on a sport surface affects the behaviour of the ball. Specific ball 
behaviour is usually expected by players, and any unexpected behaviour disturbs the flow of a ball game. 
In testing standards of sports surfaces, e.g. the FIFA Quality Concept [1], the rolling friction coefficient is 
usually replaced by a more understandable parameter: the roll distance d of a ball, after releasing the ball 
from a specific height h (usually 1 m) and letting it roll down a ramp. The average rolling friction 
coefficient can be easily calculated from h/d [2], assuming that aerodynamics on ramp and surface as well 
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as friction on ramp are negligible. An overview of other methods for determining the rolling friction of 
balls and wheels/tyres is provided in the introduction section of Chua et al. [3]. 
The velocity-dependence of rolling friction is well known from automobile tyres [4], the coefficient of 
which increases with velocity squared, and therefore affects the rolling friction only at high velocities. At 
small velocities, nonlinearities of the rolling friction coefficient are attributed to the viscosity of surface 
and/or rolling object [5-8]. Chua et al. [3] confirmed these initial nonlinearities in the tyre-caster system 
of a rugby wheelchair instrumented with a gyro on the wheel, namely by identifying three components of 
the coefficient of rolling friction: an initial velocity-dependent component at very low velocities, a 
constant velocity-independent component, and the velocity-dependent component at higher velocities.  
The aim of this study was to investigate the non-linear rolling friction between a rigid sphere and a soft 
surface, and to develop a method for measurement of the velocity rolling friction, by instrumenting the 
sphere with gyros. 
 
Fig. 1. Closed (a) and open (b) ball; c: ball with instrumentation; d: ramp and foam surface (F). 
2. Experimental procedure 
A ball of 100 mm diameter with an internal cavity (66x46x40 mm) was designed in SolidWorks 2008 
SP5.0 (Dassault Systèmes, Waltham MA, USA) and the two hemispheres of the ball were CNC machined 
from Ureal (Renshape BM 5460, Huntsman Advanced Materials, Everberg, Belgium). The ball (Figure 1) 
was instrumented with a triaxial gyroscope (±2000 deg/s, 34.9 rad/ s; L3G4200D-16, STMicroelectronics, 
Geneva, Switzerland) which was connected to an Arduino nano board (ATmega328 microcontroller, 
Atmel, San Jose CA, USA). The Arduino board was programmed to 100 Hz data sampling rate of the 
gyroscope and the data were transmitted via Bluetooth to a Smartphone (Nexus s, Google Samsung, 
Seoul, South Korea). A 3.7V Polymer Lithium Ion Battery was connected to a step-up board to power the 
Arduino board. The electronic components wrapped in foam were placed inside the ball’s cavity and the 
y-axis of the triaxial gyro was aligned perpendicularly to the equatorial plane of the ball. The two 
hemispheres were joined with a thin double-sided adhesive tape. The angular velocity data were 
transmitted digitally (±32,768 bits per gyro axis) to the Smartphone and then sent via electronic mail to a 
personal computer. 
In order to test the method, the rolling friction between the rigid Ureal ball and a foam surface 
(reticulated closed cell foam with most of the cell faces torn) was measured. The mass of the 
instrumented ball was 0.215 kg, causing the surface to deflect by 1-2 mm (strain of 0.01-0.02) when 
loaded by the ball statically. The ball rolled down a prototype bocce ramp [9] (Figure 1), thereby spinning 
about the y-axis, and continued rolling on the foam surface until it came to a full stop. The rolling 
direction was changed before each experiment. The maximally measured translational velocity of the ball 
was 1.745 m/s (34.9 rad/s times 0.05 m). 
The encoded digital angular velocity data were converted to analog translational velocity data (v), 
subsequently smoothed by a 2nd order running average (Savitzky-Golay) filter (window width 25 data), 
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and the translational acceleration data were determined from numerical differentiation with time. The 
magnitude of the ball’s inertial force (mass times acceleration) is identical to its rolling friction force 
(force couple), and the rolling friction coefficient μR results from normalising the rolling friction force to 
the ball’s weight. Therefore, μR equals the ratio of translational acceleration to gravitational acceleration. 
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Fig. 2. Coefficient of rolling friction (μR) against translational speed (v) of the ball; a: noisy raw and filtered data; b: filtered and 
fitted data (μRs = static rolling friction coefficient); c: components of fit function; d: fit function ± one standard deviation. 
The μR was plotted against v and the data set (2880 data) was fit in Matlab (R2008b, MathWorks, 
Natick MA, USA) according to the combined components of non-linear rolling friction: 
initial component:   μRi = C erf(Dv + E) – F      (1) 
constant component:   μRc = A        (2) 
velocity-dependent component:  μRv = B v2       (3) 
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where A is the velocity independent coefficient, B is the velocity-dependent coefficient of rolling friction, 
‘erf’ denotes an error function, and C-F are parameters of the error function (C = scaling factor, D = 
wavelength coefficient, E = velocity-offset, F = μR-offset). The combined fit function has the form of: 
μR = C erf(Dv + E) + G + B v2         (4) 
where G = A – F. After obtaining the parameters B, C, D, E, and G, parameter A was determined at higher 
v from subtracting B v2 from the data set. An error function was selected for the initial component because 
the μR data at slow v, after applying a 2nd order running average filter (window width 99 data), exhibited 
linear, curved, and constant segments.  
3. Results 
The μR data are shown against v in Figure 2. The filtered data clearly exhibit the initial μRi component 
(drop in μR at slow velocities) and the increase of μR at higher velocities. The coefficients of Eqns (1-4) 
were: A = 0.0775, B = 0.0045, C = 1/32, D = 21, E = 0.13, F = –0.0312. The μR data did not drop to zero 
at extremely small velocities so that a ‘static’ rolling friction coefficient μRs could be clearly defined: μRs 
= 0.0508±0.0067. The constant component, however, was larger, namely at μRc = 0.0775 (= parameter A).  
4. Discussion 
A ball rolls longer if μR at the initial segment of the μR curve at slow velocities is smaller than the one 
at high velocities, i.e. the ball decelerates less at smaller velocities than at higher ones. A suddenly 
stopping ball would have a larger deceleration and thus a larger μR at smaller velocities than at higher 
ones.  
Ball roll experiments with balls coasting down on a surface are feasible for determining μR, as a ball is 
usually faster accelerated by a player (kicking, hitting, throwing, rolling down an inclined ramp) than it 
decelerates on a surface. However, the initial segment of the μR curve at slow velocities is only important 
if a ball comes to a full stop. This usually occurs in cue sports and bocce, but can occasionally happen in 
other ball games as well.  
The initial segment of the μR curve at slow velocities was modelled by [5-8]. Three of these models [5-
7] resulted in an initial spike, i.e. increasing and subsequently decreasing friction force and moment as the 
velocity increases. One model [8] exhibited an increasing and subsequently flattening-out friction force 
and moment as the velocity increases, as seen in the results of this study (Figure 2). However, flattening-
out occurred at approximately 10 m/s in the model (figure 2 of [8]), in contrast to 0.1 m/s according to the 
results of this study (Figure 2a-d). The reason for this could be the difference in stiffness and viscosity 
between model and foam surface. Another striking difference between model and results of this study is 
that the μR drops to zero at zero velocity in the model, but ends at μRs in the experiment, i.e. at the static 
rolling friction coefficient between the rigid ball and the soft foam surface.  
5. Conclusions 
The non-linear, velocity-dependent rolling friction coefficient between a ball and a surface can be 
accurately determined when instrumenting a ball with a triaxial gyro. The rolling friction coefficient 
increased with velocity, starting at the static rolling friction coefficient, followed by a sharp increase up to 
a constant value, and subsequently increased slowly with velocity squared. 
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